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amster sperm extract (SE) possessing Ca21 oscillation-inducing activity was microinjected into the peripheral or central region
of mouse eggs, and the first increase in intracellular Ca21 concentration ([Ca21]i), together with the spread of fluorescence-labeled
SE in the ooplasm, was investigated by imaging with confocal microscopy. Injection into the periphery always induced a Ca21
wave that started from the injection site after a delay of 5 to 30 s depending on the concentration of SE. The diluted SE caused
a wave of two-step [Ca21]i rises, which was always observed at fertilization. Injection into the center could induce a radial Ca21
wave with relatively high dose of SE, but lower dose of SE caused a [Ca21]i rise after a longer delay which was initiated
synchronously over the ooplasm or was preceded in a peripheral area. Injection of diluted SE remarkably prolonged the delay time
and reduced the rate of [Ca21]i rise. The critical concentration of SE needed to induce [Ca21]i rise was significantly lower in the
periphery. These results indicate that the sensitivity to SE is higher in the cortex. SE-induced [Ca21]i rises were blocked by an
antibody against the type 1 inositol 1,4,5-trisphosphate receptor (InsP3R). The cortex was substantially more sensitive to injected
InsP3 induction of Ca21 release than the center. It is suggested that the cortex of mouse eggs may involve a functionally
pecialized organization of InsP3Rs and Ca21 pools in which a cytosolic sperm factor(s) could act upon sperm–egg fusion to cause
a21 release, leading to the Ca21 wave at fertilization. © 1999 Academic Press
Key Words: sperm extract; mouse egg; intracellular calcium; calcium wave; calcium oscillation; inositol 1,4,5-
risphosphate receptor.a
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lINTRODUCTION
At fertilization a transient increase in intracellular Ca21
concentration ([Ca21]i) occurs in eggs of all species studied
to date, as a trigger signal for egg activation. In mammals, a
relatively large and long Ca21 transient is first generated as
Ca21 wave starting from the sperm-binding site, and it is
ollowed by repetitive smaller and shorter “Ca21 spikes”
Miyazaki et al., 1986, 1993; Whitaker and Swann, 1993).
The first Ca21 transient and some subsequent Ca21 spikes
1 To whom correspondence should be addressed. Fax: 81-3-5269-
7414. E-mail: odasho@research.twmc.ac.jp.
2 Present address: Department of Biology, Miyagi University of
ducation, Aoba-ku, Sendai, 980-0845, Japan.
172re responsible for not only cortical granule exocytosis
eading to block of polyspermy but also resumption of the
econd meiosis (Kline and Kline, 1992), and later long-
asting Ca21 oscillations facilitate early embryonic develop-
ment such as pronucleus formation (Swann and Ozil, 1994).
Each [Ca21]i rise is caused by Ca21 release from the endo-
plasmic reticulum (ER) mainly through inositol 1,4,5-
trisphosphate receptors (InsP3Rs) (Miyazaki et al., 1992,
1993; Kline and Kline, 1994; Fissore and Robl, 1994), and
ryanodine receptors are suggested to participate in Ca21
release in mouse (Whitaker and Swann, 1993) and human
eggs (Sousa et al., 1996a). However, the mechanism by
which the sperm induces Ca21 release is still unknown. One
of the proposed mechanisms is that a soluble cytosolic
0012-1606/99 $30.00
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173Sperm Extract-Induced Ca21 Response in Eggssperm factor(s) may be introduced into the ooplasm through
the cytoplasmic continuity formed upon sperm–egg fusion
(Whitaker and Swann, 1993; Swann, 1996). Extracts from
the hamster (Swann, 1992), the boar (Wu et al., 1997), and
human sperm (Sousa et al., 1996b; Palermo et al., 1997)
induce Ca21 oscillations as observed at fertilization when
injected into eggs of the mouse as well as of the same
species. A candidate of the Ca21 oscillation-inducing pro-
ein (COIP) was purified from the hamster sperm (Par-
ington et al., 1996), but its homologue, glucosamine-6-
hosphate deaminase, lacks the Ca21 oscillation-inducing
ctivity (Shevchenko et al., 1998; Wolosker et al., 1998).
The truncated form of c-kit tyrosine kinase (Sette et al.,
1997) or sperm perinuclear material (Kimura et al., 1998) is
suggested to be a sperm-borne egg activation factor. At
present, it is a central subject to identify the COIP that
functions at fertilization.
It is also absolutely necessary to elucidate the site of
action of the COIP and the molecular mechanisms involved
in the induction of Ca21 waves and Ca21 oscillations. In this
espect, the precise physiological analysis of the action of
perm extract is of great significance for characterization of
he sperm factor. In the present study, we investigated
patiotemporal dynamics of sperm extract-induced [Ca21]i
rises (mainly the first Ca21 transient) in mouse eggs using
a21 imaging with confocal microscopy. Sperm extract (SE)
of the hamster instead of the mouse was used, as the yield
of mouse SE was too low to be practical. The sperm factor
is known to be effective in eggs over mammalian species
(Swann, 1992; Wu et al., 1997; Sousa et al., 1996b; Palermo
t al., 1997), and the hamster SE/mouse egg system has
een used for physiological characterization of the sperm
actor (Swann, 1992, 1994; Parrington et al., 1996).
luorescence-labeled SE (partially purified COIP) of about
/1000 of the egg volume was injected at either the periph-
ral or the central region of the egg, and its distribution was
onitored simultaneously with Ca21 imaging. Experiments
ere focused on (1) sensitivity to SE induction of [Ca21]i
rises in the cortex and the interior, (2) similarity in Ca21
waves induced by SE injection into the cortical region and
by sperm fusion at fertilization, and (3) correlation between
SE-induced [Ca21]i rises and InsP3R-mediated Ca21 release
as examined using the blocking effect of anti-InsP3R anti-
ody and Ca21 responses to localized InsP3 injection.
MATERIALS AND METHODS
Preparation of Eggs
Female B6D2F1 mice were superovulated by ip injection of 5 IU
pregnant mare’s serum gonadotropin (Teikoku Hormone Mfg.,
Tokyo, Japan), followed 48 h later by injection of 5 IU human
chorionic gonadotropin (hCG; Mochida Pharmaceutical Co. Ltd.,
Tokyo). Mature eggs arrested at metaphase II were collected from
oviducts 16–17 h after hCG injection and freed from cumulus cells
by treatment with 0.05% hyaluronidase (P-L Biochemicals, Mil-
waukee, WI) in M2 medium (Fulton and Whittingham, 1978) for s
Copyright © 1999 by Academic Press. All right2–3 min. M2 medium supplemented with bovine serum albumin
(BSA; 4 mg/ml) was used for experiments.
Preparation of Hamster Sperm Extract
Sperm suspension. Hamster sperm extract was prepared, basi-
cally according to Swann’s method (1990, 1994). Contents of cauda
epididymides isolated from 8 to 16 males (10–14 weeks of age) were
released from distal tubules by puncture with a fine needle,
collected in a glass tube, and diluted by modified Tyrode’s solution
(m-TALP medium; Ohzu and Yanagimachi, 1982) containing 50
mM epinephrine, 0.5 mM hypotaurin, and 4 mg/ml BSA. Sperma-
tozoa that swam up during incubation for 30 min were washed
twice with BSA-free m-TALP by centrifugation (500g, 15 min) to
emove seminal plasma components and resuspended in intracel-
ular medium (Swann, 1990) of the composition 120 mM KCl, 20
M Hepes/KOH (pH 7.5), 1 mM EDTA, 0.2 mM phenylmethylsul-
onyl fluoride (PMSF), 2 mg/ml pepstatin A (Sigma, St. Louis, MO),
and 2 mg/ml leupeptin (Sigma). The sperm suspension was set at
about 5 3 108 spermatozoa/ml and stored at 280°C until use.
Extraction and partial purification. Thawed sperm suspension
was sonicated 12 times (for 5 s each) on ice to keep temperature
below 8°C. Supernatant was obtained after centrifugation (90,000g,
90 min, 4°C), usually 8 ml (4.0 mg/ml protein) from eight males.
The putative COIP was partially purified with Cibacron Blue F3GA
dye affinity chromatography (Swann, 1994) (Econo-Pac Blue Car-
tridge; Bio-Rad Laboratories, Hercules, CA) by the following pro-
cedure. Supernatant was concentrated to 1/10 volume (0.8 ml)
using a 30-kDa cutoff ultrafilter (30K Microsep; Pall Filtron Corp.,
Northborough, MA) and then diluted with 8 ml basal buffer (20
mM Hepes/KOH adjusted to pH 7.5, 1 mM EDTA). The column
(bed volume, 5 ml) was loaded with the supernatant and washed
with 10 ml of another buffer (120 mM KCl in basal buffer). Proteins
were eluted with 20–30 ml of 1 M KCl buffer at a flow rate of 1
ml/min at 4°C. Eluate was dialyzed twice against 50 mM KCl
buffer containing 200 mM PMSF and 2 mg/ml pepstatin A for 30 min
and concentrated to 100 ml with 30K Microsep. The sample (40
g/ml protein) is referred to as “sperm extract.”
As 100 ml SE was obtained from about 4 3 109 spermatozoa
counted before sonication), 0.2 pl of SE, which was injected into an
gg, in most cases corresponds roughly to extract derived from 8
permatozoa (1 spermatozoon when SE was diluted to 1/8), if the
ffective sperm factor was not lost during preparation of SE.
Labeling of SE. SE was labeled with cyanine dye Cy3.5 (South-
ick et al., 1990) using a labeling kit (FluoroLink-Ab Cy3.5;
mersham, Buckinghamshire, UK). SE was diluted (310) with
a21- and Mg21-free phosphate buffer during labeling and concen-
rated to the original concentration with 30K Microsep. The
labeled SE” was stored at 280°C until use. Injection of 0.2 pl
y3.5-labeled SE (diluted to 1/2) did not induce any [Ca21]i rise
(examined in six eggs), suggesting that the activity of SE was
reduced during the labeling procedure. In experiments, labeled SE
and unlabeled SE were mixed at the ratio 1:1 (designated SE31/2).
Unlabeled SE was diluted to 1/2, 1/4, or 1/8 and mixed with labeled
SE at 1:1 (SE31/4, SE31/8, or SE31/16, respectively).
Experimental Procedure
Setting of eggs. Eggs with zonae pellucidae were first injected
with the Ca21 indicator dye Calcium Green Dextran (CGD; Mr 1 3
104; Molecular Probes, Inc., Eugene, OR). Several eggs in M2
edium were introduced into a wedge between two coverslips
tuck with dental wax and injected with CGD through a micropi-
s of reproduction in any form reserved.
s
j
c
w
o
A
C
t
t
i
M
s
e
i
e
l
b
c
i
D
s
(
t
(
p
[
174 Oda et al.pette using a microinjector (IM-4B; Narishige, Tokyo) under a
conventional microscope. The injection solution contained (mM)
0.5 CGD, 140 KCl, 1 MgCl2, and 5 Hepes (pH 7.3). Intracellular
CGD concentration was 20–50 mM. Eggs were transferred to the
experimental chamber, a 35-mm plastic culture dish the bottom of
which was made of a glass coverslip (Mohri et al., 1998). The
chamber had two compartments, in one of which eggs were held in
a trough between two coverslips stuck with double stick tape as a
spacer. In the other, a capillary tube containing SE was placed. Both
compartments were covered with silicon oil. The chamber was
mounted on the stage of an inverted microscope (TMD-300; Nikon,
Tokyo) equipped for confocal microscopy. A heat-controlled metal
plate was set on the stage (31–33°C).
Injection of sperm extract. Glass micropipettes of the same
shape were made by a puller (PN-3; Narishige), and the tip was
slightly broken to have about 1-mm i.d. The pipette was filled with
ilicon oil (viscosity, 30 centistokes) and connected to a microin-
ector. SE and then silicon oil were aspirated from the tip, until SE
ame to the portion that was nearly a cylinder. The volume of SE
as calculated by measuring the length and diameter at the middle
f the column of SE in the pipette, using a scale bar in the eyepiece.
small amount of oil was left at the tip to avoid contamination of
a21 in M2 medium. The pipette was inserted into an egg horizon-
ally from the 3 o’clock position in the equatorial plane and left in
he cytoplasm during [Ca21]i measurement.
[Ca21]i Measurement
Fluorescence measurement of two dyes. In most experiments,
changes in fluorescence intensity of two dyes in an egg were
simultaneously recorded as images with a confocal laser scanning
microscope (CLSM; RCM 8000; Nikon): one for Cy3.5 to observe
diffusion of injected SE and the other for CGD to record [Ca21]i
rises. The maximal excitation and emission wave lengths are
around 581 and 596 nm for Cy3.5 and 490 and 530 nm for CGD,
respectively. For excitation of the dyes, both 488-nm argon laser
and 543-nm helium–neon laser were led to the egg through a 340
objective water immersion lens (Fluor 40; NA 1.15; Nikon), after
being reflected by the first dichroic mirror. Emission fluorescence
(green and red) passed through the objective lens and the same
dichroic mirror. Interference between excitation and emission
lights was avoided, as the dichroic mirror had two band-pass ranges
for only emission light: between 510 and 535 nm and between 570
and 680 nm. The emitted light was then separated by the second
dichroic mirror at 565 nm after passing through the pinhole. Each
signal passed through a band-pass filter (520 6 15 nm) for green
channel and a long-pass filter (. 610 nm) for red channel and was
detected by separate photomultiplier tubes. The CLSM was ad-
justed at the focal plane on which the tip of the injection pipette
was located. The estimated optical section thickness was 4.2 mm.
For more accurate Ca21 imaging, ratio images were obtained by
njection of 0.5 mM CGD and 2.5 mM Texas Red Dextran (TRD;
r 1 3 104; Molecular Probes) into an egg, followed by injection of
unlabeled sperm extract. TRD is a Ca21-insensitive dye with
maximal excitation and emission wave lengths around 595 and 615
nm, respectively. The fluorescence ratio CGD/TRD was calculated
in a pixel-to-pixel manner.
Recording and image processing. Two-channel fluorescence
images were acquired every 0.26 s until the first [Ca21]i rise
attained a peak, and subsequent images including Ca21 spikes were
ampled every 5–20 s. Each image was constituted by accumulating
ight frames to improve signal-to-noise ratio. Images were led to an
mage processor (MAX VIDEO) and stored on an optical memory
Copyright © 1999 by Academic Press. All rightdisk recorder (Model TQ-3800F; Panasonic Co., Tokyo). Processing
was performed with NIH Image (a public domain image processing
software for the Macintosh computer). Each Ca21 image was
divided by an image just before SE injection (“temporal ratio
images”; Mohri et al., 1998), when recorded with a single dye
(CGD). In order to monitor the injection procedure, video-rate
bright-field images were simultaneously acquired using transmit-
ted infrared light without interference with fluorescence images of
the CLSM (for details, see Mohri et al., 1998).
Ca21 imaging at fertilization. Eggs were freed from the zonae
pellucidae by treatment with acidic Tyrode’s solution for 20–30 s
and pipetting (Swann, 1994). Sperm capacitation and acrosome
reaction were induced by incubation in a modified Tyrode’s solu-
tion containing 20% human serum and 10 mg/ml BSA at 37°C for
4–5 h. [Ca21]i rise at fertilization was recorded using a conventional
fluorescence microscope instead of CLMS, to avoid disturbance of
fertilization by continuous irradiation of laser. Fluorescence of
injected CGD was passed through a band-pass filter between 530
and 560 nm, detected by a cooled CCD camera (C6790;
Hamamatsu Photonics, Hamamatsu, Japan), and led to an image
processor (ARGUS/HiSCA; Hamamatsu Photonics).
Injection of Anti-InsP3R Antibody and InsP3
In some experiments, function-blocking monoclonal antibody
(mAb) 18A10 against the InsP3R purified from the mouse cerebel-
lum (specifically recognizes the type 1; Maeda et al., 1988; Nakade
t al., 1991) or nonblocking mAb 4C11 was injected into eggs at
east 45 min prior to SE injection. Both mAbs were kindly provided
y Dr. K. Mikoshiba of Tokyo University. The injection solution
ontained 3.4 mg/ml 18A10 or 4.0 mg/ml 4C11. The volume
njected was about 5% of the egg volume. InsP3 (potassium salt;
ojindo, Kumamoto, Japan) was injected by pressure with the
olution containing 120 mM KCl, 0.1 mM EDTA, 10 mM Hepes
pH 7.3), and 0.5–40 mM InsP3 or injected iontophoretically by a
negative current pulse (1–6 nA, 1.5 s) through a fine micropipette
(70–100 MV in resistance) containing 0.2 mM InsP3 solution.
Positive current (1.5 nA) was continuously applied except during
injection to avoid leakage of InsP3 from the pipette.
RESULTS
Ca21 Oscillations Induced by SE
Ca21 oscillations were induced by injection of 2 pl SE to
he central region (Fig. 1A) or peripheral region of the egg
n 5 17 eggs examined in total). The Ca21 oscillations
comprised the first relatively large and long Ca21 transient
and the succeeding much shorter Ca21 spikes, as shown
reviously (Swann, 1992). In the first Ca21 transient, [Ca21]i
increased rapidly to a peak and declined in slow and
subsequent fast phases. The total duration was 5 to 7 min.
Ca21 spikes were generated repetitively, when the basal
Ca21]i gradually increased and attained a certain level (Fig.
1A). The duration of each spike was about 1 min. The
pattern of SE-induced Ca21 oscillations was basically simi-
lar to that of sperm-induced oscillations at fertilization
(Swann, 1992; Miyazaki et al., 1993), although the fre-
quency of Ca21 spikes in the first 20 min after injection of
SE (four to five spikes in 10 min) was higher than that in
eggs fertilized by a single spermatozoon (one to two spikes
s of reproduction in any form reserved.
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175Sperm Extract-Induced Ca21 Response in Eggsin 10 min). The frequency of Ca21 oscillations later than 20
in became comparable to that of those induced by sperm
Fig. 1B, dotted line). Ca21 oscillations were also produced
y 0.2 pl SE (four to five spikes in 10 min; n 5 5), although
long-term recording was not performed.
Inhibition of SE-Induced Ca21 Oscillations by
Anti-InsP3R Antibody
Ca21 oscillations at fertilization of mouse eggs are com-
pletely blocked by mAb 18A10 against the type 1 InsP3R
(Miyazaki et al., 1993). Ca21 oscillations including the
first Ca21 transient induced by SE (diluted to 1/2) were
ompletely blocked by previously injected 18A10 (170
mg/ml in the egg) in three of four eggs (see Fig. 1B, thick
ine). Ca21 oscillations were partially blocked in one egg
Fig. 1B, thin line): the peak of the first Ca21 transient was
ubstantially reduced and the frequency of Ca21 spikes
was remarkably reduced. Nonblocking mAb 4C11
(Miyazaki et al., 1992) did not affect Ca21 oscillations
even at higher concentrations (200 –300 mg/ml in the egg;
5 8; Fig. 1B, dotted line). Thus, SE-induced Ca21 oscil-
FIG. 1. Ca21 oscillations induced by injection of SE (A) and
inhibition of the Ca21 oscillations by mAb 18A10 (B). In A, 2 pl of
unlabeled SE was injected into the central region of the egg, and
changes in [Ca21]i were presented in terms of the fluorescence ratio
f two dyes, CGD and TRD. In B, thin and thick solid lines were
btained from the eggs injected with about 3 pl of unlabeled SE
diluted to 1/2) in the presence of 18A10 (estimated intracellular
oncentration, 170 mg/ml). Dotted line was obtained in the pres-
nce of 300 mg/ml 4C11 in the egg. [Ca21]i was measured using a
onventional Ca21 imaging with Fura-2.ations are InsP3R-mediated. o
Copyright © 1999 by Academic Press. All rightEvaluation of SE Injection and Ca21 Imaging
Since prepared SE was confirmed to possess the Ca21
oscillation-inducing activity, the following experiments
were focused on the generation of the first Ca21 transient by
.2 pl SE. Experimental conditions were checked before
esults were obtained. The volume of SE to be injected was
alculated in the pipette (see Materials and Methods). In
reliminary experiments, the volume was confirmed by
easuring the drop of SE that was ejected into oil. Repeated
alibration enabled us to estimate the volume of SE in
erms of the length from the tip.
Diffusion of injected SE. Figures 2A and 2B show as-
ects of diffusion of Cy3.5-labeled SE during and after
njection of 0.2 pl into the peripheral region of the egg. It
hould be noted that images of SE do not accurately indicate
he sequential distribution of COIP, since various sperm
roteins are labeled by Cy3.5. In Fig. 2A, the fluorescence
ntensity of SE (FSE) recorded by the red channel at three
ites in the ooplasm (1–3 in the inset) is presented by three
ifferent lines. Figure 2B is the magnified record of Fig. 2A.
SE rapidly increased at the injection site and attained a peak
n ;2 s (site 1, solid line in Fig. 2A). FSE immediately
underwent a decline in a roughly double exponential man-
ner. FSE at the center and antipode began to increase 5–8 s
later (Fig. 2B), probably corresponding to diffusion of rela-
tively smaller molecules. FSE at the central region reached a
nearly steady level in ;40 s. Even distribution in the whole
egg required 4–5 min.
Interference between green and red channels. The egg
for Figs. 2A and 2B was not loaded with CGD, so [Ca21]i was
ot recorded even if it was increased. The thick solid line in
ig. 2B shows the fluorescence at the injection site recorded
y the green channel. This fluorescence was unaltered
uring the large increase in FSE: there was no interference of
Cy3.5 fluorescence to the green channel. On the other hand,
the egg for Fig. 2C was loaded with CGD and injected with
“unlabeled” SE. The fluorescence intensity that reflected a
[Ca21]i rise (FCa in green channel) was recorded at the
njection site and antipode (sites 1 and 3). A slight increase
n the fluorescence was recorded in the red channel, when
Ca increased (Fig. 2C). The overlap of CGD fluorescence to
red channel was estimated to be 7% of FCa. This component
as subtracted from FSE using the ratio in all records
escribed below.
Artifactual [Ca21]i rise upon injection. A small [Ca21]i
rise occurred at the injection site as soon as injection of SE
was started. This [Ca21]i rise attained a peak prior to the
peak of FSE (see Figs. 4A and 4A9) and ceased in 10–20 s. The
localized transient [Ca21]i rise is considered an artifact,
ince it was induced even by injection of buffer without SE
Fig. 2D). The artifact was more pronounced in the periph-
ral region than in the center (see Figs. 4 and 8). Ca21 might
e released from the ER subjected to mechanical stimula-
ion by oil driven from the micropipette tip and/or a stream
f injected solution.
s of reproduction in any form reserved.
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176 Oda et al.Ca21 Waves Induced by Injection of SE into the
Peripheral Region
SE was injected into the 9 o’clock position opposite to
the micropipette penetration site because of easier access
to the periphery and less effect of Ca21 entry by mem-
rane damage. Figures 4A and 4A9 show changes in the
uorescence ratio (F/FB) of CGD and FSE of Cy3.5, respec-
tively, at four sites indicated in the inset. Injection of 0.2
pl SE31/2 (see Materials and Methods for the designa-
tion) induced the first Ca21 transient associated with an
bvious Ca21 wave (Figs. 3A and 4A; n 5 5). The [Ca21] i
rise began at the injection site (site 1 in Fig. 4A) during
the period in which the artifactual [Ca21] i rise was declin-
ing (Fig. 4A9). What is noteworthy here is a time lag for
generation of the Ca21 response: 2 s in Fig. 4A, measured
between the peak of FSE and the onset of the [Ca21] i rise.
The Ca21 wave propagated across the deep ooplasm in
4.5 s in Fig. 4A (measured as the time difference between
the half-maximal points of FCa at the injection site and
FIG. 2. Changes in fluorescence intensity upon injection of 0.2 p
profile of sequential distribution of Cy3.5-labeled SE is illustrated
antipode (see sites 1–3 and corresponding lines in the inset). The eg
line represents fluorescence in the green channel at the injection si
channel. In C, unlabeled SE was injected into a CGD-loaded egg.
recorded in the red channel at the same sites (thin lines). In D, buff
at the injection site is shown in terms of temporal fluorescence rathe antipode). The calculated wave velocity was 14 mm/s.
Copyright © 1999 by Academic Press. All rightCa21] i reached the same level throughout the egg, when
he Ca21 wave arrived at the antipode. It should be noted
n Figs. 3A, 4A, and 4A9 that the Ca21 wave propagates
prior to diffusion of injected SE, implying that successive
Ca21 release can occur in the ER which is not yet exposed
o SE under this condition.
Effects of the Concentration of SE
Ca21 waves were also induced by injection of 0.2 pl
SE31/4 (Figs. 4B and 4B9) or SE31/8 (Figs. 3B, 5A, and 5A9).
However, [Ca21]i rise at the injection site was more delayed
ith decreasing the SE concentration. Figure 6A presents
alues obtained from 14 eggs. The delay time was between
5 and 35 s for SE31/8. The rate of [Ca21]i rise was reduced
verywhere in the ooplasm (Figs. 4A, 4B, and 5A): the mean
alue of the maximal rate of [Ca21]i rise for SE31/8 was
about 1/3 of that for SE31/2 (Fig. 6B). Particularly, [Ca21]i at
the injection site was slowly elevated first and then the rate
of rise gradually increased (Fig. 5A). The wave velocity was
(A to C) or buffer (D) into the peripheral region of eggs. In A, the
SE (recorded in the red channel) at the injection site, center, and
s not loaded with CGD. (B) Expanded record of A. The thick solid
te 1 in the inset of A). There was no interference of FSE to the green
hick lines recorded at site 1 and 3 in the inset of A) was slightly
one was injected into a CGD-loaded egg. An artifactual [Ca21]i rise
he numbers in the inset of A apply to B, C, and D.l SE
by F
g wa
te (si
FCa (t
er alalso reduced for lower SE concentrations (Figs. 4B, 5A, and
s of reproduction in any form reserved.
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177Sperm Extract-Induced Ca21 Response in Eggs6C): the mean value for SE31/8 was about 1/3 of that for
SE31/2. In Fig. 3B, the wave front passed the center ;40 s
after the start of injection. At that time, FSE at the center
had reached a nearly steady level, while FSE at the antipode
as much lower (Fig. 5A9).
The maximal [Ca21]i level seemed to be comparable for
FIG. 3. Confocal Ca21 images upon injection of 0.2 pl SE31/2 (A) an
how the spatial distribution of Cy3.5 fluorescence (labeled SE) and
umber presented in each image is the time (in seconds) of acquisition
s altered as shown by different colors. The dark spot at the injection s
or upper images or fluorescence ratio values for lower images. The edifferent concentrations of SE, as estimated from the fluo- p
Copyright © 1999 by Academic Press. All rightrescence ratio (Figs. 4A, 4B, and 5A). With regard to the
effective concentration of SE, the Ca21 response occurred in
wo of four eggs injected with SE31/16, even with the
olume at 2 pl, whereas it was evoked in five of seven eggs
y 0.2 pl SE31/8. Thus, the critical concentration was
stimated to be SE31/16, when SE was injected to the
1/8 (B) into the peripheral region of the egg. Upper and lower images
poral CGD fluorescence ratio (intracellular Ca21), respectively. The
r the start of SE injection. In B, the time interval of presented images
B is the oil drop. Color bars indicate ranges of fluorescence intensity
ated optical section thickness was 4.2 mm.d SE3
tem
afte
ite ineriphery.
s of reproduction in any form reserved.
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178 Oda et al.Two-Step [Ca21]i Rise upon Injection of SE and at
ertilization
Interestingly, [Ca21]i often increased in two steps, when
SE was injected into the peripheral region at relatively
lower concentrations. The phenomenon was observed in
two of seven eggs injected with SE31/4 and four of five eggs
injected with SE31/8 (Figs. 3B and 5A). As shown in Fig.
5A, the rate of [Ca21]i rise decreased when the Ca21 wave
rrived at the antipode. Several seconds later (about 60 s
fter injection), the rate of rise increased again until [Ca21]i
attained the maximal level. The second step of [Ca21]i rise
at the injection site tended to occur earlier than that at the
antipode (Figs. 3B and 5A).
The two-step [Ca21]i rise was characteristic in the first
Ca21 transient at fertilization, as observed in all eggs
xamined (n 5 14). In Fig. 5B, a Ca21 wave started at the site
of sperm attachment about 2 min after the sperm stopped
flagellar motion, and the wave propagated across the egg in
5 s. The propagation velocity was 15 6 2 mm/s (mean 6 SE,
5 14), which was comparable to that in eggs injected with
E31/2 but significantly greater than that for SE31/4.
hen the wave reached the antipode, the rate of [Ca21]i rise
decreased and [Ca21]i stayed at a homogeneous level in the
ntire egg for 8 s (Fig. 5B). Subsequently, the rate of [Ca21]i
rise increased again until [Ca21]i attained the maximal level.
21
FIG. 4. [Ca21]i rises upon injection of 0.2 pl SE31/2 (A) and SE31/4
ntensity of Cy3.5-labeled SE (A9 and B9). A and A9 and B and B9 wer
he egg presented in Fig. 3A. Fluorescence was measured at four si
ines with corresponding numbers as shown. The presentation is che overall time course of the [Ca ]i rise was similar to
Copyright © 1999 by Academic Press. All righthat induced by injection of SE31/8 to the peripheral
egion. These results suggest the similarity between the
timuli to induce Ca21 release by the fused sperm and the
injected SE.
[Ca21]i Rise Induced by Injection of SE into the
Central Region
When 2 pl of unlabeled SE was injected into the central
region, a Ca21 wave started from the injection site within
s and propagated radially toward the peripheral region
Figs. 7A and 8A; n 5 7). The radial wave was also observed
n two of seven eggs injected with 0.2 pl SE31/2. It should
e noted that Ca21 release can be induced first in the central
region by SE. In other five eggs, however, [Ca21]i began to
increase almost synchronously in the entire egg. For ex-
ample, in Figs. 7B and 8B, the synchronous [Ca21]i rise
ccurred 16 s after the peak FSE (arrow in Fig. 8B). Subse-
quently, [Ca21]i further increased a little inhomogeneously
in the egg. In Fig. 7B (bottom), [Ca21]i rise in the lower right
was a little earlier than that in the upper left. The inhomo-
geneous [Ca21]i rise was more pronounced upon injection of
0.2 pl SE31/4 (n 5 5). For example, in Figs. 7C and 8C,
[Ca21]i rise began from the lower right of the plane 47 s after
injection, 30 s after the artifactual [Ca21]i rise at the injec-
tion site ceased. The area in which [Ca21]i rise was elevated
nto the peripheral region of the egg and changes in the fluorescence
orded in the same eggs, respectively. A and A9 were obtained from
dicated in the insets of A and B and is presented by four different
on to Figs. 5 and 8.(B) i
e rec
tes inspread to the upper left, like a wave (Fig. 7C, bottom; arrows
s of reproduction in any form reserved.
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179Sperm Extract-Induced Ca21 Response in Eggsin Fig. 8C). Thus, the peripheral region but not the injection
site at the center was the site for a preceding [Ca21]i rise. It
is conceivable that injected SE diffuses to a wide area
toward the periphery, and [Ca21]i rise begins first in the
egion where Ca21 release is readily induced. The preceding
eripheral region was not identified in relation to the
nimal or vegetal area in the present experiments.
For SE injection to the central region, the delay time for
Ca21]i rise at the injection site was prolonged and the rate
of [Ca21]i rise was reduced, as concentration of SE was
ecreased (Figs. 6A and 6B). It should be noted that the delay
21
FIG. 5. Changes in [Ca21]i (A) and fluorescence of Cy3.5-labeled
SE (A9) upon injection of 0.2 pl SE31/8 at the peripheral region of
the egg and [Ca21]i rise at fertilization (B). A and A9 were obtained
from the egg used for Fig. 3B. B was recorded about 2 min after the
sperm stopped flagellar motion on the egg surface, using a conven-
tional Ca21 imaging with CGD. The record of B was arranged to be
compared with A.as longer and the rate of [Ca ]i rise was smaller, compared
Copyright © 1999 by Academic Press. All rightith those for injection into the peripheral region (Figs. 6A
nd 6B). The Ca21 response occurred in only one of six eggs
injected with 0.2 pl SE31/8: the minimal effective concen-
FIG. 6. Delay (A), maximal rate of [Ca21]i rise (B), and Ca21 wave
velocity (C) measured upon 0.2 pl SE injection into the periphery or the
center at various concentrations (mean 6 SE). Delay time was measured
between the peak of FSE and the onset of [Ca21]i rise. The maximal rate of
[Ca21]i rise was obtained from the differential of changes in the ratio of
FCa. The measurement of wave velocity is explained in the text. The
numbers in the parentheses are the numbers of eggs examined.
s of reproduction in any form reserved.
e
t
h
P
(
I
o
b
w
p
w
180 Oda et al.tration was SE31/4 and was higher than that for injection
into the periphery. This result, together with the observa-
tion that [Ca21]i rise occurs earlier in the peripheral region
ven when SE was injected into the central region, indicates
hat the sensitivity to SE in the cortex is substantially
igher than that in the center.
[Ca21]i Rise Induced by Injection of InsP3
The sensitivity to InsP3 was compared between the
FIG. 7. Ratio Ca21 images with two dyes (CGD and TRD) upon i
temporal Ca21 ratio images upon injection of 0.2 pl SE31/2 (B) and
estimated optical section thickness was 4.2 mm.cortex and the interior of the egg by injection of 0.2 pl InsP3.
Copyright © 1999 by Academic Press. All righteripheral injection induced obvious Ca21 waves in all eggs
n 5 3) injected with 40 mM InsP3 and in three of five eggs
injected with 10 mM InsP3. Intracellular concentration of
nsP3 was 40 and 10 nM, respectively, under the assumption
f even distribution in the egg, but the value seemed not to
e significant, as InsP3 induced Ca21 release as soon as it
as injected. In Fig. 9A, [Ca21]i rise began at the injection
site without time lag after injection, and a Ca21 wave
ropagated across the egg in 4.2 s. The calculated velocity
as 14.5 mm/s, consistent with that induced by SE31/2.
21
ion of 2 pl of unlabeled SE at the central region of the egg (A) and
1/4 (C). B and C are presented in the same manner as Fig. 3. Thenject
SE3Ca waves were incomplete in the remaining two of five
s of reproduction in any form reserved.
iw
e
o
i
s
f
e
r
t
(
b
a
t
[
s
i
s
c
e
a
r
a
r
7
d
fl
t
T
p
181Sperm Extract-Induced Ca21 Response in Eggseggs injected with 10 mM InsP3 and all eggs (n 5 5) injected
with 2.5 mM InsP3. In these eggs, the wave remarkably
declined half way through the ooplasm, followed by spread
of a smaller [Ca21]i rise in the second half of the ooplasm
toward the antipode (Fig. 9B). No [Ca21]i rise was induced by
njection of 0.5 mM InsP3.
21
FIG. 8. [Ca21]i rises (A, B, and C) in the eggs from which Figs. 7A,
B, and 7C were obtained, respectively. In A, SE was injected
uring the period between two arrows. In B and C, graphs of
uorescence of Cy3.5-labeled SE are included and presented by four
hin lines, 1–4 corresponding to the recording sites in the inset.
he ordinate is in the right. Arrows in B and C indicate the turning
oint from a gradual [Ca21]i rise to a rapid [Ca21]i rise.Central injection produced radial Ca waves in all eggs
Copyright © 1999 by Academic Press. All right(n 5 3) injected with 40 mM InsP3 and in three of six eggs
injected with 10 mM InsP3 (Fig. 9C), starting from the center
ithout time lag. The wave was incomplete in two of six
ggs injected with 10 mM InsP3 (Fig. 9D) and in two of four
eggs injected with 2.5 mM InsP3. In these eggs, [Ca21]i
increased to a peak at the injection site and surrounding
area, but declined to about half of the peak level during the
spread toward the cortex (Fig. 9D). No [Ca21]i rise was
bserved in the remaining eggs nor in any eggs (n 5 3)
njected with 0.5 mM InsP3.
Table 1 summarizes dose-dependent InsP3-induced Ca21
responses in terms of the complete or incomplete Ca21
wave and shows that the sensitivity to InsP3 induction of a
Ca21 wave in the cortex was slightly higher than that in the
center. To demonstrate the difference more clearly, InsP3
was injected into the peripheral and the central region in
the same egg by injection with a negative current pulse of
1.5 s, the more precisely controlled injection method than
that by pressure. Intracellular concentration of InsP3 was
unknown with this method. In the egg shown in Fig. 10, a
4-nA pulse injection at the central region failed to cause a
substantial [Ca21]i rise measured at three sites indicated by
the inset (Fig. 10A), whereas a 2-nA pulse induced a Ca21
wave across the egg when the tip of the pipette was placed
at the periphery of the same egg. [Ca21]i rise reached the
ame peak level at four sites (inset of Fig. 10B) successively
rom the injection site to the antipode. In 11 of 12 eggs
xamined, the critical current to induce a complete Ca21
wave was smaller for peripheral injection: the cortex was
more sensitive to InsP3 than the center.
DISCUSSION
The present study first demonstrated precise spatiotem-
poral aspects of the sperm factor-induced [Ca21]i rise in
elation to the regional difference of the sensitivity to SE in
he ooplasm. Although mouse SE induced Ca21 oscillations
not shown), the hamster SE/mouse egg system was used,
ecause the number of mouse sperm obtained from an
nimal was only about 1/35 of that of hamster sperm and
he sensitivity of mouse eggs to hamster SE induction of
Ca21]i rises was roughly fourfold higher than that of ham-
ter eggs (not shown). The injected amount of 0.2 pl SE31/8
s calculated to be equivalent to extract derived from a
ingle spermatozoon (see Materials and Methods). This
alculation is based on the assumption of 100% yield of the
ffective factor and complete accuracy of the injected
mount of SE, both of which are unlikely. Although it is a
ough estimation using the heterologous sperm, the
mount of injected SE is not far from the physiological
ange.
Inhomogeneous Sensitivity to Sperm Factor and
InsP3 in the Egg
The present study demonstrated relatively higher sensi-
tivity to the sperm factor, COIP, in the cortex of the egg.
s of reproduction in any form reserved.
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SE31/16 for the peripheral region and SE31/4 for the
central region. A Ca21 wave was always produced by injec-
tion into the periphery. A [Ca21]i rise could be induced in
he periphery prior to that at the injection site of the central
egion. The present study also provided evidence that the
perm factor-induced [Ca21]i rises are mediated mainly by
the type 1 InsP3R which is expressed in mouse eggs pre-
ominantly among the subtypes (Parrington et al., 1998).
he higher sensitivity of the cortex was not only to sperm
actor but also to InsP3. The ER in mouse eggs distributes as
lusters in the cortex and a fine reticular network in the
eep ooplasm (Mehlmann et al., 1995), and the predomi-
ant distribution of InsP3Rs in the cortex has been shown
by staining of whole mounts of mouse eggs with mAb 4C11
(Mehlmann et al., 1996). InsP3Rs and the ER in the cortex
FIG. 9. Ca21 images upon injection of 0.2 pl of 10 (A) or 2.5 mM (B) I
egion (C and D). InsP3 was injected by pressure. Intracellular conc
0 mM InsP3 under the assumption of even distribution in the egg.
re shown in A and C, respectively. Incomplete Ca21 waves are sh
ABLE 1
a21 Waves Induced by Injection of InsP3
InsP3 (mM)a
Injection of 0.2 pl into peripheral region
No. of eggs
examined
Complete
Ca21 wave
Incomplete
Ca21 wave No r
40.0 3 3 0
10.0 5 3 2
2.5 5 0 5
0.5 3 0 0
a Concentration in the pipette.
Copyright © 1999 by Academic Press. All rightmay be functionally well organized for induction of Ca21
release.
Another possibility is that InsP3Rs of the ER in the cortex
ay be readily sensitized. Galione et al. (1997) have dem-
nstrated that the application of hamster SE to homoge-
ates of sea urchin eggs induces Ca21 release from both
InsP3-sensitive and ryanodine-sensitive Ca21 stores after a
long delay. They suggested the involvement of a cytosolic
egg factor through which the sperm factor sensitizes these
receptors, as the SE after pretreatment with the sea urchin
egg cytosol remarkably reduces the lag time. The distribu-
tion and/or action of the egg factor may be predominant in
the cortex, so Ca21 release may be readily induced by the
perm factor. Ca21 release may be induced by InsP3 more
asily in the cortex on account of the egg factor, even in the
bsence of the sperm factor.
into the peripheral region and 0.2 pl of 10 mM InsP3 into the central
tion of InsP3 was calculated to be 10 nM for injection of 0.2 pl of
mplete Ca21 wave across the egg and a complete radial Ca21 wave
in B and D.
Injection of 0.2 pl into central region
se
No. of eggs
examined
Complete
Ca21 wave
Incomplete
Ca21 wave No response
3 3 0 0
6 3 2 1
4 0 2 2
3 0 0 3nsP3
entra
A coespon
0
0
0
3s of reproduction in any form reserved.
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183Sperm Extract-Induced Ca21 Response in EggsBasis for Sperm Factor-Induced [Ca21]i Rise
There was a time lag of several seconds in the induction
of the initial [Ca21]i rise, even when a sufficient amount of
E was injected into the peripheral region. The lag time was
emarkably prolonged by every dilution of SE to 1/2. In the
amster SE/sea urchin egg cytosol system, the lag time is at
east 100 s (Galione et al., 1997). The delayed Ca21 response
ontrasted with the instantaneous occurrence of InsP3-
induced Ca21 release (IICR) irrespective of injected InsP3
concentration. The delayed reaction and its strong dose
dependence are characteristic of the sperm factor-induced
Ca21 release.
A known physiological property of hamster SE is that in
E-injected eggs, Ca21 release can be easily induced in an
ll-or-none manner by injection of much smaller amount of
a21, compared to SE-untreated eggs (Swann, 1994). InsP3R-
ediated Ca21 release as well as ryanodine receptor-
mediated Ca21 release displays the phenomenon of Ca21-
induced Ca21 release (CICR), as IICR is enhanced by
increase in [Ca21]i (Iino, 1990; Iino and Endo, 1992), a
positive feedback between IICR and [Ca21]i rise. Therefore,
Ca21 wave can be produced by sequential regenerative
Ca21 release even at the resting InsP3 level, if a localized
[Ca21]i rise is induced as a trigger (Lechleiter and Clapham,
1992; Miyazaki et al., 1992; Miyazaki, 1995). It is plausible
that COIP involved in SE makes InsP3Rs more sensitive to
Ca21, to the extent that a slight Ca21 release is induced even
by the resting [Ca21]i. Cumulative increase in [Ca21]i will
ead to an explosive [Ca21]i rise by means of CICR.
Ca21 Wave Starting from the Egg Cortex
Injection of relatively higher dose of SE (0.2 pl, SE31/2)
into the periphery caused the initial [Ca21]i rise at the
injection site with a substantially high rate of rise and
21
FIG. 10. [Ca21]i rises upon iontophoretic injection of InsP3 with a
f 2 nA, 1.5 s at the peripheral region of the same egg (B). The recordtriggered an obvious Ca wave. The wave propagated n
Copyright © 1999 by Academic Press. All rightacross the ooplasm prior to diffusion of SE; that is, a
“regenerative Ca21 wave” can be produced without the
effect of the sperm factor except near the injection site. The
high rate of [Ca21]i rise is sequentially succeeded during
propagation. A similar situation is produced when enough
InsP3 is injected into a localized cortical area.
For lower concentrations of SE, [Ca21]i at the injection
site increased slowly. This [Ca21]i rise forms a Ca21 wave,
ut the relatively low rate of [Ca21]i rise is sequentially
succeeded during propagation, resulting in the lower wave
velocity. The slower [Ca21]i rise seems to reduce the rate of
CICR. Despite the slower wave, SE-induced [Ca21]i rise
propagated to the antipode without attenuation, unlike
attenuating incomplete Ca21 waves induced by injection of
nsP3 at relatively low concentrations. This suggests that
he SE that diffused over half of the egg compensated the
ttenuation, possibly by sensitizing InsP3Rs. Two-step
Ca21]i rise became visible when even lower SE concentra-
ion was used (SE31/8). The second step occurred after the
rst step spread to the antipode at a submaximal [Ca21]i
level. It is unknown whether the phenomenon is due to
spatiotemporal kinetics of the action of injected SE or
whether two types of Ca21 stores or Ca21 release channels
with distinct activation kinetics are involved and separated
by the critical stimulation. Further analysis of the two-step
[Ca21]i rise is required, because it always occurs at fertili-
ation as well.
[Ca21]i Rise Following SE Injection into the Center
A radial Ca21 wave is induced when a sufficient amount
of SE is injected into the central region. The wave is
thought to be a regenerative Ca21 wave. For lower SE
concentrations, injected SE diffuses over a fairly wide area,
meanwhile a slight increase in [Ca21]i develops slowly in
the wide area. Then large [Ca21]i rise occurs almost synchro-
21
ive current pulse of 4 nA, 1.5 s at the central region (A) and a pulse
ites and corresponding numbers of lines are indicated in the insets.negatously over the entire egg, when [Ca ]i reaches a certain
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184 Oda et al.level after a long delay. The homogeneous [Ca21]i rise could
e accounted for by the balance between the concentration
radient of SE from the center down to the periphery and
he sensitivity gradient of InsP3Rs from the periphery down
o the center. For the critical concentration of SE (SE31/4),
he sensitivity gradient seems to be dominant, so the earlier
Ca21]i rise takes place in the peripheral region rather than
the center. An unclear point is that, for induction of the
initial large [Ca21]i rise, SE concentration in the periphery
upon central injection seems to be much lower than the
critical SE concentration upon peripheral injection (SE31/
16), as estimated from the profile of FSE. Spread of the
E-exposed area to a certain extent might be necessary for
nduction of the [Ca21]i rise.
Significance of COIP in Fertilization
Similarities of Ca21 responses in mouse eggs between
ertilization and hamster SE injection have been found
reviously (Swann, 1996), such as was seen in the pattern of
a21 oscillations. The remarkable sensitization of CICR
which is observed in fertilized hamster eggs (Igusa and
Miyazaki, 1983) is caused by injected SE (Swann, 1994). The
present study revealed some additional similarities, al-
though the heterologous sperm extract was used. The first
Ca21 wave associated with the characteristic two-step
[Ca21]i rises is observed upon injection of diluted SE into the
ortex as well as at fertilization, although the velocity of
he Ca21 wave induced by homologous sperm at fertiliza-
ion is substantially greater. Both SE-induced and
ertilization-induced Ca21 oscillations (Miyazaki et al.,
1993) are blocked by mAb 18A10, suggesting the common
molecular mechanism leading to InsP3R (type 1)-mediated
a21 release. Almost synchronous [Ca21]i rises are gener-
ated by SE injection into the central region at relatively low
concentrations, as is the case in injection of a spermatozoon
into the central region (Nakano et al., 1997), which is
upposed to provide COIP by leakage from the injected
permatozoon. The higher sensitivity to the sperm factor in
he cortex will be favorable for generating a Ca21 wave upon
perm–egg fusion at fertilization. The present study also
rovided useful information about the physiological prop-
rties of SE for characterization of purified COIP in future
tudies.
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